A method for damage localization based on the phased array idea has been developed. Four arrays of transducers are used to perform a beam-forming procedure. Each array consists of nine transducers placed along a line, which are able to excite and register elastic waves. The A 0 Lamb wave mode has been chosen for the localization method. The arrays are placed in such a way that the angular difference between them is 458 and the rotation point is the middle transducer, which is common for all the arrays. The idea has been tested on a square aluminium plate modeled by the Spectral Element Method. Two types of damage were considered, namely distributed damage, which was modeled as stiffness reduction, and cracks, modeled as separation of nodes between selected spectral elements. The plate is excited by a wave packet. The whole array system is placed in the middle of the plate. Each linear phased array in the system acts independently and produces maps of a scanned field based on the beam-forming procedure. These maps are made of time signals (transferred to space domain) that represent the difference between the damaged plate signals and those from the intact plate. An algorithm was developed to join all four maps. The final map is modified by proposed signal processing algorithm to indicate the damaged area of the plate more precisely. The problem for damage localization was investigated and exemplary maps confirming the effectiveness of the proposed system were obtained. It was also shown that the response of the introduced configuration removes the ambiguity of damage localization normally present when a linear phased array is utilized. The investigation is based exclusively on numerical data.
The Simulated Test Case
The proposed configuration was used to analyze an aluminium plate of dimensions 1 m Â 1 m Â 0.01 m modeled by the Spectral Element Method [1, 2] (40 Â 40 elements, 36 nodes per element). Excitation and registration of waves in the specimen is realized in nodes. The applied excitation is in the form of a wave packet (5-cycle sine modulated by the Hanning window). The main frequency of this packet is 100 kHz (Figure 1 ).
Generally, when piezoelectric transducers are used to generate waves in plates both symmetric (S 0 , S 1 , S 2 , . . .) and antisymmetric (A 0 , A 1 , A 2 , . . .) modes exist and the number of these modes depends on the product of the excitation frequency and the plate thickness. There are only two fundamental modes, A 0 and S 0 that propagate up to almost 2 MHz mm in aluminium. Therefore, the chosen frequency of excitation ensures that none of the higher modes will propagate in the specimen. Lamb waves are dispersive, that is why the window function was used to narrow the frequency bandwidth of excitation. The values of the excitation frequency and the plate thickness were also precisely chosen to reduce the dispersion for Lamb wave fundamental antisymmetric mode, A 0 . In this article, only the propagation of the A 0 mode was taken into consideration. The group and the phase velocities of the fundamental symmetric (c gr % 5400 m/s) and antisymmetric (c gr % 3100 m/s) modes for the frequency of excitation and plate thickness considered (100 kHz Â 10 mm) differ significantly [12, 13] . Therefore, the fact that for the algorithm presented here the wave group velocity is essential, justifies the restriction of the investigation of one mode only.
After conducting numerical experiments the mean group velocity for 100 kHz excitation in simulated plate was obtained as c ¼ 2777 m/s. This value is constant for considered wave packet while it propagates through the specimen. The chosen excitation frequency and the plate thickness allow minimal dispersion of the wave packet, therefore one can easily calculate value of the wave phase velocity c ph % c ¼ 2777 m/s and the wavelength
The last important issue concerned with elastic wave propagation that needs to be addressed is the mode conversion at discontinuities. In practical implementation, using piezoelectric transducers it is possible to effectively tune only to one Lamb mode A 0 or S 0 (the other has negligible amplitude) [14] . In this case, we will still have a one-mode case as in the example described here based on numerical calculations.
Phased Array Theory
Linear phased arrays are made of a number of piezoelectric transducers placed along a line. Waves generated by the transducers have an omni-directional character and create a pattern, which is a result of the superposition of the waves generated by each transducer individually. A sweep beam, which can be steered, is created if each transducer from the set excites waves with an individually adjusted time delay. Changing the steering angle from 0 to 3608 and calculating the time delay for each transducer, an area of the structure around the array of transducers can be interrogated. This concept is known from radars, where the dish sweeps the space with a focused ray for target searching. When the waves from the radar find an object, the waves are reflected from it and they return with some time delay. If the velocity of the wave generated by the radar and the angle of turn of the radar dish are known, then the position of the object can be determined by simple calculations. This technique is also used in damage detection but instead of a rotating radar dish, phased arrays are used for the beam-forming procedure. The principle of work of a phased array is explained subsequently.
Let us consider a set of n transducers that can generate and receive elastic waves. It is assumed that all transducers are omnidirectional sources of waves, and that the rays from the transducers are parallel. The second assumption is justified only if the transducers are placed close to each other and the discontinuity causing wave reflection is far enough from the array. The greater the distance between the transducers the farther the discontinuity should be to make the idea of beam-forming useful. The beam-forming procedure is based on the signal interference principle. The procedure of producing a wave front can be divided into two cases: for a signal transmitted and for a signal received [5] . In order to focus the total signal in the direction indicated by the angle (Figure 2) , the i-th array element should excite a wave with an individual time delay t i relative to the 1st PZT ( Figure 2 ) given by the formula:
where l i is the distance between the i-th and the 1st transducer and c is the wave group velocity. The same procedure must be repeated for the signals arriving to the sensors, which are backscattered from any obstacles situated at an angle because the fifth transducer is closer than the first one to discontinuities at an angle ( Figure 2 ). Focusing may be realized in two ways: electronically (electronic system can excite waves with individual time delays) or by a computer algorithm (all transducer excite waves individually and signal processing procedures based on time shifting are applied to the gathered signals). The angle is changed from 0 to 3608 and as a result the wave is amplified at angles corresponding to obstacles and faded for the rest.
The Phased Array Algorithm
In this article, results from numerical simulations only are discussed and the focusing of the beams is performed by a computer program as explained in the previous section. In this numerical simulation waves are generated and registered by each transducer of the phased array. The process of waves generation and sensing is conducted in n steps. At each step one transducer generates waves, which are registered by all transducers. For an n element phased array this makes a total of n 2 signals. Then a signal processing procedure is applied, which relies on the time shifting for each collected signal with a time delay related to the spacing of transducers and the angle, at which the beam is created. Signals registered in all sensors when the excitation comes from the first transducer are shifted in time to this transducer and then summed. In the next step the same procedure is repeated for the second transducer. This procedure is repeated for each sensor of the array. As a result n signals are obtained. This is how the beam-forming procedure for generating waves is carried out.
Similar operations are performed for the beam-forming procedure for the arriving signals. This can be achieved by shifting all the n signals to the chosen transducer and summing them. This transducer is the point of origin for a virtual sweep beam.
Due to the discrete character of all signals, two time shifting algorithms are used. In the first algorithm, the calculated time delay is divided by a time step resulting from the simulation and rounded (integer number is needed) to obtain a number of points for the discrete time shift. In the second approach an interpolation procedure is used (a cubic spline interpolation was used in this study). Both shifting methods have been tested and they give comparable results. The time delays are calculated for beam angles from 0 to 3608 with a chosen step.
The signals are then transformed from the time domain into the physical domain of the structure. The MATLAB used plot procedures interpolate the signals for the rest of the angles. As a result a 3D damage map covering the area of the investigated structure is created [5] ( Figure 5) . The x-and y-axes indicate the coordinates of the investigated surface area. Values on the z-axis represent the amplitude of the interrogating signal at the point (x, y) of the structure. In order to facilitate the map analysis, the squared signals are plotted.
The Multi-Phased Array
In this work, a phased array of transducers is replaced by four phased arrays (9 transducers each) forming a star configuration (Figure 3 ). The transducers from each array are arranged on a line. As can be seen ( Figure 3 ) the distances between the transducers within one array are not constant. The transducer spacing for the horizontal and the vertical arrays is the same (6, 7, 6, 3, 3, 6, 7, 6 mm). The remaining two arrays are also made of unequally spaced transducers, but the distances between the transducers are different from those for the horizontal and the vertical arrays (9, 10, 9, 4, 4, 9, 10, 9 mm). The transducer placement is determined by the placement of the nodes in the mesh.
It should be pointed out here that the spacing for all the linear arrays is shorter than half of the wavelength (1). This ensures that the grating lobes, that can give misleading results from the beam-forming, do not appear [14] .
In the work [15] , authors investigated the problem of number of transducers in multiphased-array configuration. The use of less than nine transducers led to unsatisfactory results.
The beam-forming algorithm is applied independently to each array. As a consequence four maps of the scanned area are obtained. These maps are made of signals, which represent the difference between the damaged and the intact plate signals (Figure 4(a) and (b) ). It can be seen (Figure 4(c) ) that the influence of damage on the obtained signals begins at the moment when the damage reflected wave arrives at the sensor.
As can be seen from Figure 5 , the line on which the transducers from one array lie is a symmetry line of a map. Therefore, a single map may indicate two damage areas (ghost damage) even if there is only one (Figure 5(a) ). This symmetry is even better seen on polar plots ( Figure 6 ) illustrating amplitude (normalized to its maximum value) dependence on the angle. Figure  6 (2) . Therefore, it is impossible to use a linear phased array to monitor the condition of such structures as an aluminium plate when the array is placed in its middle. Intention of removing this ambiguity is the main reason for the introduction of the star-shaped configuration.
In order to remove ambiguity of localization an algorithm has been proposed joining the four component maps into one (Figure 7(a) ). This final map is simply a product of the four component maps. It sharpens the image of damage more than the sum of the maps and allows a more precise localization of a defect than in the case of one component map. A great advantage of this approach is also seen in Figure 7 observe that proposed algorithm gives better results than any component map.
The above results ( Figures 5 and 7) show the localization of damage modeled as a 90% stiffness reduction in one spectral element. The scale of colors is linear from white (indicating minimum level of the signal amplitude) to black (maximum level of the signal amplitude).
Damage Detection and Localization
A few damage examples are considered to test the efficiency of the proposed configuration. First, damage as 90% stiffness reduction in one spectral element was considered (Figure 7(a) ). This represents a square of the size 25 mm Â 25 mm, which is 6% of the total plate surface. It can be clearly seen that for this case the defect is correctly localized. The signature of the damage is only present near the true defect position and nowhere else. No ghost damage is visible because the joining procedure removed this problem. The results for stiffness reduction damage look promising, and so a second test was done for a 25 mm long crack simulated by node separation. Figure 8(a) depicts the map resulting from such a damage scenario. It can be appreciated that in this case again the generated map indicates very clearly the crack position on the analyzed aluminium plate.
These results suggest that the proposed starshape configuration with the beam-forming procedure is able to detect two types of damage, namely cracks and distributed damage, modeled by stiffness reduction. We should, however, point out that just one single example for each damage type is not enough in order to verify the algorithm and more tests need to be done for different locations and extents of the damage. When monitoring a plane structure or a structural part one should keep in mind that there might be more than one defect. This is why the next task was to examine how the algorithm copes with two cracks. Figure 8(b) depicts a damage map of the plate with two 25 mm long cracks. Both defects are successfully indicated although one of them (the left one) gives a stronger signal. The difference in the amplitude value should be associated with the different position of each crack in relation to the transducer configuration. Simply, the crack on the left reflects waves better back to the PZTs.
As mentioned earlier in the text, one can assume A 0 mode nondispersive propagation in the test case under consideration. It means that the shape of the wave packet remains unchanged during its propagation. Therefore to facilitate the damage localization procedure, a special signal processing algorithm is proposed. It is assumed that the excitation signals and the damage reflected signals have similar features. Therefore, the features of the total signal reflected from the damage can be compared to the excitation signal. For this purpose a signal processing procedure, which uses a virtual rectangular time window with the same length as the excitation signal is used. The time window is used to extract a portion of the total received signal and then features from this portion of the signal are compared to the excitation signal ( Figure 9) . A similarity measure of the received signal portion and the excitation signal for a given point was built as a product of the absolute values of the excitation and the windowed signal portion and then summed for all points of a window. Based on this measure a damage map can be plotted by applying the mentioned procedure for all points of the structural area under investigation. Damaged areas of the structure will have a high value of similarity measure. For comparison Figure 10 (a) and (b) present maps plotted using the described technique for the same damage scenario as in the case of Figure 8 (a) and Figure 8(b) , respectively. It can be observed that the similarity measure modifies the maps in such way that the defect image is more apparent.
The damage localization (Figures 8(a) , (b), 10(a), 10(b)) conducted in this section was based on time signals corrupted with random noise (up to 10% of the signal amplitude).
In order to summarize the introduced localization methodology a step-by-step procedure is presented below.
(1) Wave excitation is realized in each transducer independently and the plate response is registered in transducers of the same linear array (n 2 signals are obtained for one linear array). This is done for damaged and undamaged plates. spatial coordinates
where R ¼ ct/2 is the distance propagated by the wave packet traveling with the velocity c, and t is the time. In effect it gives a component damage map. The z-coordinate represents the amplitude of the signal. 
Windowed excitation signal
Windowed differential signal Differential signal Figure 9 Illustration of building a similarity measure for signal processing.
of the plate) and angle of the damage map. Rectangular time window including portion of registered signal is shifted in time through whole signal ( Figure 9 ). In such a manner for a given angle a damage index is calculated by changing distance from the center of the plate to its edge with an assumed step. This procedure is repeated for angle from 0 to 3608.
Comparsion
One more important issue, which should be pointed out here, is that the idea of the multiplication of phased arrays results was mentioned before in [8] . Although the authors did not present the results in a form of a damage map as in this article, they suggested using the multiplication methodology to a L-shape array of transducers to improve the directional sensitivity of a phased array. To complete the investigation in Figure 11 , results for the L-shape array and the star-shape array are presented for the localization of two cracks (Figure 10(b) ). Both arrays consist of the same number of transducers (nine). Of course for the star-shape array similarity measure methodology was used as a part of the localization procedure. The result for the L-shape array is plotted as squared signal (like in Figures 5, 7(a), 8 ).
Both configurations indicated the locations of the two cracks. The star-shape array response (Figure 11(b) ) showed additional indications on the right-hand side and in the bottom of the figure. However, when we consider the complete star-shape array (33 transducers) the result (Figure 10(b) ) gives more precise locations of cracks than L-shape array (Figure 11(a) ).
This comparison could be continued with investigation of other damage scenarios but rather than doing it, it should be pointed out that the L-shape array introduced in [8] is nothing more than a part of the star-shape array introduced in this work (Figure 3) . The whole star-shape array consists of four L-shape arrays (two oriented along the x-and y-axes and two rotated by 458).
Conclusions
In this article, a damage localization procedure based on a star configuration of transducers has been successfully developed. An algorithm for generation of the damage map is presented. Using this technique it was shown that local stiffness reduction as well as cracks (one and two cracks) could be easily detected.
It was shown that a linear phased array fails to indicate unambiguously the damage location. Having used the star-shaped configuration this problem did not occur. The introduced similarity measure for signal processing gave very good results in enhancing the graphical response of the algorithm -a damage map.
The transducer configuration described in [8] was also investigated and it was indicated that the star-shape array consists of L-shape arrays and these two transducer configurations should not be treated independently.
Future work will concentrate on the detection of more than two defects and their various locations. The proposed detection procedures will be verified based on measured signals coming from real objects.
